In killifish renal proximal tubules, endothelin-1 (ET-1), acting through a basolateral ET B receptor, nitric oxide synthase (NOS), and protein kinase C (PKC), decreases cellto-lumen organic anion transport mediated by the multidrug resistance protein isoform 2 (Mrp2). In the present study, we examined the roles of guanylyl cyclase and cGMP in ET signaling to Mrp2. Using confocal microscopy and quantitative image analysis to measure Mrp2-mediated transport of the fluorescent drug, fluorescein methotrexate (FL-MTX), we found that oxadiazole quinoxalin (ODQ), an inhibitor of NO-sensitive guanylyl cyclase, blocked ET-1 signaling. ODQ was also effective when signaling was initiated by nephrotoxicants (gentamicin, amikacin, diatrizoate, HgCl 2 and CdCl 2 ), which appear to stimulate ET release from the tubules themselves. ODQ blocked the effects of the NO donor, sodium nitroprusside, but not of the phorbol ester which activates PKC. Exposing tubules to 8Br-cGMP, a cell permeable cGMP analog, decreased luminal FL-MTX accumulation. This effect was abolished by bisindolmaleimide (BIM), a PKC inhibitor, but not by L-NMMA, an NOS inhibitor. Together, these data indicate that ET regulation of Mrp2 involves activation of guanylyl cyclase and generation of cGMP. Signaling by cGMP follows NO release and precedes PKC activation.
Introduction
Multidrug resistance proteins are ATP-driven xenobiotic export pumps that belong to the ATP-binding cassette superfamily (ABC superfamily). These transporters were initially found to be expressed in tumor cell lines resistant to chemotherapeutics. However, they also contribute to important xenobiotic defense mechanisms in barrier and excretory tissues. P-glycoprotein (ABCB1), breast cancer related protein (BCRP, ABCG2 (16; 31) ) and members of the ABCC subfamily (the multidrug resistance proteins; MRPs) limit xenobiotic absorption from the gut and xenobiotic entry into the central nervous system (3; 5; 20) . They are also present in liver and kidney, organs important for the excretion of potentially toxic xenobiotics, xenobiotic metabolites and endogenous waste products (19; 26) . The apical localization of P-glycoprotein and MRP2 in hepatocytes and renal proximal tubule epithelial cells is consistent with their importance in excretory transport into bile and urine. In addition, some MRPs may play a role in cellular signaling by transporting second messengers like cyclic nucleotides and leukotrienes (2; 13; 34).
We previously used intact killifish renal proximal tubules to demonstrate that Mrp2 function is regulated by the vasoactive peptide endothelin (ET) working through a basolateral ET B receptor, nitric oxide synthase (NOS), nitric oxide (NO), and protein kinase C (PKC) (18; 23; 33) . Firing this signaling pathway rapidly reduced transport mediated by Mrp2. Importantly, this autocrine/paracrine signaling pathway was also triggered by acute exposure to low levels of nephrotoxicants, which caused Cadependent release of ET (33) .
The present study is concerned with the mechanism by which NO activates PKC in killifish renal proximal tubules. Specifically, we found that inhibition of guanylyl cyclase FINAL ACCEPTED VERSION F-00443-2003 .R1 3 blocked ET-signaling whether initiated by ET-1 or by nephrotoxicants. In addition, 8Br-cGMP reduced Mrp2-mediated transport and this effect was blocked when PKC was inhibited, but not when NOS was inhibited. Thus, guanylyl cyclase appears to be involved in signaling by ET and the nephrotoxicants; generation of cGMP follows NO release and precedes PKC activation.
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Methods
Chemicals
Fluorescein methotrexate (FL-MTX), bisindolmaleimide (BIM), and N G -Methyl-Larginine acetate salt (L-NMMA) were purchased from Molecular Probes (Eugene, OR).
RES-701-1, an ET B receptor antagonist was obtained from Peninsula Laboratories (Belmont, CA). Sodium nitroprusside (SNP) and oxadiazole quinoxalin (ODQ) were purchased from Calbiochem (San Diego, CA). Phorbol 12-myristate 13-acetate (PMA) was obtained from Alexis biochemicals (San Diego, CA) and from Sigma Chemicals (St.
Louis, MO). 8Br-cGMP and its Rp isoform, HgCl 2 and CdCl 2 , gentamicin, amikacin, and diatrizoic acid were purchased from Sigma Chemicals (St. Louis, MO). All other chemicals used were obtained at the highest purity available commercially.
Animals and tissue preparation
Killifish (Fundulus heteroclitus) were collected by local fishermen in the vicinity of Mount Desert Island, Maine and maintained at the Mount Desert Island Biological Laboratory in tanks with natural flowing seawater. Renal tubular masses were isolated in a marine teleost saline based on that of Forster and Taggart (4), containing (in mM) 140 NaCl, 2.5 KCl, 1.5 CaCl 2 , 1.0 MgCl 2 and 20 tris(hydroxymethyl)-amino methane (TRIS) at pH 8.0. All experiments were carried out at 18-20 °C. Under a dissecting microscope each mass was teased with fine forceps to remove adherent hematopoietic tissue.
Individual killifish proximal tubules were dissected and transferred to a foil-covered Teflon chamber containing 1.5 ml of marine teleost saline with 1 µM FL-MTX and added effectors. The chamber floor was a 4 x 4 cm glass coverslip to which the tubules 
Confocal microscopy
The chamber containing renal tubules was mounted on the stage of an Olympus FluoView inverted confocal laser scanning microscope and viewed through a 40x water immersion objective (NA 1.15). Excitation was provided by the 488 nm line of an argon ion laser. A 510 nm dichroic filter and a 515 nm long-pass emission filter were used.
Neutral density filters and low laser intensity were used to avoid photobleaching. With the photomultiplier gain set to give an average luminal fluorescence intensity of 1500 to 3000 (on a scale of 0-4096), tissue auto-fluorescence was undetectable. To obtain an image, dye-loaded tubules in the chamber were viewed under reduced, transmitted light illumination, and a single proximal tubule with well-defined lumen and undamaged epithelium was selected. The plane of focus was adjusted to cut through the center of the tubular lumen and an image was acquired by averaging four scans. The confocal image was viewed on a high-resolution monitor and saved to an optical disk or zip disk.
In previous studies, it has been shown that there is a linear relationship between fluorescence intensity and dye concentration (22). However, because of the many uncertainties in relating cellular fluorescence to actual compound concentration in cells and tissues with complex geometry, data are reported here as average measured pixel intensity rather than estimated dye concentration. Fluorescence intensities were FINAL ACCEPTED VERSION F-00443-2003.R1 6 measured from stored images using Scion image version 1.8 for Windows as described previously (17; 21). Briefly, two or three adjacent cellular and luminal areas were selected from each tubule, and the average pixel intensity for each area was calculated.
The values used for that tubule were the means of all selected areas after subtraction of the pixel intensity of the bathing medium, which was considered as background.
Data analysis
Data are given as mean ± SE. Mean values were considered to be significantly different, when P < 0.05 by use of the unpaired t-test, or by a one-way ANOVA followed by Bonferroni's multiple comparison test. Software used for statistical analysis was Graph Pad Prism (version 3.00 for Windows; Graph Pad Software, San Diego CA).
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Results
The present experiments were conducted using isolated renal proximal tubules from a marine teleost fish, the killifish, to determine whether guanylyl cyclase and cGMP are involved in the regulation of Mrp2-mediated transport. This comparative animal model has proven to be a powerful tool for the study of secretory transport in an intact proximal tubule (24). As in mammalian proximal tubules, killifish express high levels of Mrp2 in the luminal membrane of renal proximal tubule cells. Moreover, intact killifish tubules exhibit Mrp2-mediated transport of a number of fluorescent substrates, e.g., FL-MTX, that can be visualized and measured using confocal microscopy (17; 18; 21). We used ODQ as a pharmacological tool to determine the position of guanylyl cyclase in the signaling chain. Figure 3 shows that ODQ attenuates the reduction in luminal FL-MTX accumulation caused by the NO donor, SNP, but has no effect on the reduction caused by the PKC activator, PMA. Thus, activation of guanylyl cyclase appears to follow NO release and precedes PKC activation.
Next we examined the effects of cGMP analogs on FL-MTX transport. Figure 1B shows that incubating tubules in medium with 1 µM 8Br-cGMP (a membrane permeant analog that activates protein kinase G (PKG)) reduced luminal but not cellular FL-MTX accumulation. Quantitation of images indicated that the reduction in luminal accumulation was concentration dependent, with a significant decrease seen with 0.1 µM cyclic nucleotide and more than a 50% decrease with 1 µM (Fig. 4A) . Rp-8Br-cGMP, which does not activate PKG, also reduced luminal accumulation of FL-MTX (Fig. 4B ), but was less effective.
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If 8Br-cGMP reduced Mrp2-mediated transport of FL-MTX through signaling rather than by competition for transport, its effects should be attenuated when the signaling chain is broken by inhibiting a downstream step, i.e., PKC activation. Figure 5 shows a series of experiments designed to test this possibility. First, inhibition of PKC by BIM abolished the effects of 1 µM 8Br-cGMP on luminal FL-MTX accumulation (Fig. 5A) .
Second, inhibition of NOS by L-NMMA did not alter the effects of 8Br-cGMP (Fig. 5B) .
These results are consistent with 8Br-cGMP modifying transport through signaling at a step downstream of NOS but upstream of PKC. Third, in contrast, BIM exposure did not alter the effects of Rp-8Br-cGMP (Fig. 5A ), suggesting that this compound reduced transport by interacting with Mrp2. However, pilot experiments using MRP2 transfected Sf9 vesicles, as previously described by Terlouw et al. (32) , showed no inhibition of FL-MTX transport (pmol FL-MTX/mg protein/min) by 10 µM 8Br-cGMP (82.1±11.3; N=3), 100 µM 8Br-cGMP (186±47.6; N=3), 10 µM Rp-8Br-cGMP (147±32.5; N=3), 100 µM 8Br-cGMP (165±16.4; N=3) compared to the control (91.7±46.3; N=3) (data not shown).
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Discussion
Cyclic GMP is an intracellular second messenger involved in hormonal signaling throughout the body. Cyclic GMP is generated from GTP by guanylyl cyclases, which are present as membrane bound and soluble forms (1). The soluble forms produce cGMP in response to several signals including NO (25; 36) . Cyclic GMP itself acts through cGMP-dependent protein kinase G (PKG), cyclic nucleotide-gated channels, cAMP-dependent protein kinase, and phosphodiesterase (15). Here we provide evidence that NO-dependent guanylyl cyclase and cGMP are involved in the regulation of Mrp2-mediated transport in the renal proximal tubule. We previously showed that ET acting through a basolateral ET B receptor, NOS, and PKC, decreases cell-to-lumen organic anion transport mediated by Mrp2 (18; 23) . Figure 6 summarizes this sequence of events. Transport is also reduced by several nephrotoxicants, which cause Cadependent ET release from the tubules; ET then activates signaling by an autocrine/paracrine mechanism (33).
The present study shows that ODQ, an inhibitor of guanylyl cyclase, blocked ET signaling to Mrp2. ODQ was effective irrespective of the source of the initial signal, i.e, hormone or nephrotoxicant. ODQ also blocked the effects of the NO generation by sodium nitroprusside, but not the effects of PKC activation by PMA. 8Br-cGMP reduced Mrp2-mediated transport and this effect was blocked by PKC inhibition, but not by NOS inhibition. Although the Rp-isoform of 8Br-cGMP, which does not activate PKG, also reduced transport on Mrp2, this effect was not altered by BIM. Thus, it is likely that the Rp-isoform, unlike the parent compound, affected transport by interacting directly with the transporter. Together, the data indicate that ET signaling involves activation of Together these data indicate that cGMP generation precedes PKC stimulation and follows NO release. Data are given as mean ± SE for 9-19 tubules from 1 fish (*:
significantly lower than the control value; P<0.05; ***: significantly lower than the control value; P<0.001). 
